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SUMMARY 


Tests have been made at high speeds to determine 
the drag of models, simulating propeller shanks, in the 
form of a circular cylinder and three airfoils, the 
NACA 16-025, the NACA l6-0l+0, and the NACA 16 -OI 4 .O with 
the rear 25 percent chord cut off. All the models had 


a maximum thickness of inches to conform with average 

d. "I 

oropeller-shank dimensions and a span of 20y inches. 


For the tests the models we 
to the lower surface of the 
A wake -survey rake mounted 
behind the models was used 
at Mach numbers of O .3 to 0 
angle of attack. The drag 
determined from pressure-di 


X 

re supported perpendicular 
wing of an XP - 5 1 a i r 9 1 ane . 
below' the wing directly 
to determine profile drag 
. 8 over a small range of 
of the cylinder was also 
stribution and force measurements 


The results of the tests indicated that the drag of 
the airfoils was lowrer than that of the cylinder over 
the Mach number range investigated. The drag reduction 
obtainable through the use of these airfoil sections in 
place of a round shank increased with a decrease in air- 
foil thickness ratio and reached maximum values at a 
Mach numoer of 0 . 63 for the NACA 16 -O 4 O airfoils and 0,71 
for the NACA 16-025 airfoil. 


INTRODUCTION 


During recent years the National Advisory Committee 
for Aeronautics has conducted investigations for the 
purpose of increasing the efficiency of propellers on 
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airolanes. One of the factors found to increase con- 
siderably the losses in propeller efficiency was the 
high drag of round shanks operating in' high-velocity 
fields. Various methods for reducing shank drag were 
tried; among these methods was the use of cuffs or 
propeller shank fairings. Plight-test data from cuffed 
propellers on streamline bodies are scarce, and the 
available data were not obtained in any systematic 
manner so that the relative value of the cuffs tested 
could not be ascertained. Wind-tunnel tests of thick 
airfoil sections and cuffed propellers have not been 
obtained with proper scale, Mach number, and shank 
relief effects. Because of the scarcity of drag data 
on thick airfoils ooerating at high speeds, therefore, 
data for development and improvement of propeller 
shanks were considered desirable. A flight-test program 
was consequently begun at the Langley Laboratory of 
the NACA in order to determine full-scale relative 
drag characteristics of various shanks and shank fairings 
under conditions approaching those of propeller shanks 
on a streamline body operating at high forward speeds. 

A preliminary phase of this program consisted of tests 
of three thick airfoil models and a circular cylinder; 
these models were mounted perpendicular to the lower 
surface of the wing of an XP-51 airplane, which was 
operated at such speeds as to give local Mach numbers 
at the model station of from 0,30 to 0.80. At the 
model station the chordwise pressure gradients due to 
the wing simulated in some respects the gradients due 
to a propeller spinner. Tip relief conditions at a 
propeller shank arising from rapid spanwise decrease 
in blade thickness were approximated by using models 
of finite aspect ratio. The results of tests of the 
three thick airfoil models and the circular cylinder 
are given in the present paper. A comparison of the 
soeed gains that might be realized by use of these 
thick airfoils in place of a round propeller shank is 
presented. 


SYMBOLS 


q dynamic pressure, pounds per square foot 

p 0 free-stream static pressure, pounds per square foot 

Ap local static pressure minus free-stream static 
pressure, pounds per square foot 
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d Q section profile drag of model, pounds per foot 
of span 

d section pressure drag of model, pounds per foot 
of span 

D drag of model, pounds 

A frontal area, square feet 

t model thickness, feet 

c^ section profile-drag coefficient (d Q /qt) 

•J.Q 

c ,3 section pressure-drag coefficient (d/qt) 

C L airplane lift coefficient 
M 0 flight Mach mom her 

M effective Mach number at model station 

APPARATUS AND METHODS 


The propeller-shank sections selected for the tests 
included a circular cylinder to represent a round shank 
and two symmetrical airfoils, the NACA 16-025 and the 
NACA 16 -O 4 O. The 25-percent- thick airfoil represented 
a thin shank section and the 1 + 0 -percent-thick airfoil, a 
thick shank section. The NACA 1 '6-0 1+0 airfoil was also 
tested with the rear 25 percent chord cut off. A 
photograph of three of the models tested is presented 
as figure 1. Geometric characteristics of the models 
are given in figure 2. All models were of rectangular 

plan form and had a thickness of 1 +p inches to corre- 


spond to average shank dimensions. The models had a 


2 Op -inch 


span including the rounded tip. 


which was 


obtained by rotating the airfoil section l 80 ° about 
the chord line. The aspect ratios of the models were 9.2, 
2.1, 3.1+, and I 1.5 for the circular cylinder, the 
NACA 16-025, NACA l6-0l+0, and modified NACA 16-01+0 air- 
foils, respectively, and were based on the assumption 
that the wing acted as a reflection plane. These values 
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of aspect ratio may be high because of a small gap 
between the model and the wing. 


The models were mounted on a rod perpendicular to 
and extending from the lower surface of the left wing 
of an XP-51 airplane (fig. 3)* The average clearance 

between the models and the wing surface was inch. 


(See fig. Lj_. ) Provision was made to rotate the sup- 
porting rod in order to obtain a change in angle of 
attack from -6° to 6° for the airfoils and to rotate 
the cylinder through 230 c for pressure-distribution 
measurements. The support rod was located at appi’oxi- 
mately 38 ' percent of the chord at the IpO-percent- 
semispan station and was about 3 feet outboard of the 
propeller radius. 


A wake-survey rake mounted 29 inches behind the 
support rod and 9 inches below the wing surface (figs. I 4 . 
and 5 ) provided data for determination of the profile- 
drag coefficient of the model center section. The 
distance of the rake behind the trailing edge of each 
model is shown in figure 5* Direct drag measurements 
on the cylinder were obtained by mounting the cylinder 
on a support rod equipped with electric strain gages. 
Pressure-drag data on the cylinder were obtained from 
pressure-distribution measurements made by means of two 
orifices l 80 ° apart at each of six equally spaced span- 
wise stations (fig. 6). A complete survey at each 
station was obtained by rotating the cylinder 200° 
during a test run. 

The local dynamic pressure q and the local Mach 
number M used in evaluating the data were determined 
from free-stream total pressure measured with the pitot 
tube mounted ahead of the airplane wing and from local 
static pressure measured with static-pressure tubes 
located on the right wing at the same chorhwise and 
spanwise positions as those at which the models were 
located on the left wing. These pressure measurements 
were made simultaneously with measurements of the drag 
of the models. In the pressure-distribution tests of 
the cylinder the static-pressure measurements on the 
right wing were made with a rake of six static-pressure 
tubes, with each tube located at a distance below the 
wing surface corresponding to an orifice location in 
the cylinder (fig. 6). For the force tests of the 
cylinder and the wake surveys, the static pressure on 
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the right wing was measured with one static-pressure 
tube located 9 inches below the wing surface (fig. r J) , 
which corresponds to station p in figure 6. The 
difference between local Mach number at various distances 
below the wing surface and free-stream Mach number is 
presented in figure 6 for several flight Mach numbers. 

In order to indicate the magnitude of the chordwise 
variation of static pressure in the test region, the 
chordwise pressure distributions, as determined from 
measurements of static pressure on the lower surface 
of the wing of another XP-51 airplane, are presented in 
figure 9 for an airplane lift coefficient of about 0.15 
and several flight Mach numbers. Static pressures 
measured in the present tests at station 5 (9 in. below 
the wing surface) are included in figure 9* Because of 
the decrease in induced velocity with distance from the 
wing surface, the chordwise gradients at station 5 may 
be somewhat less than those indicated at the wing surface. 

The angular position of the models with respect to 
the airolane longitudinal axis was recorded by a mechanical 
optical control-position recorder. The yaw angle of the 
airplane was measured by means of a yaw vane mounted on 
a boom 1 chord ahead of the right wing near the tip. The 
angle of attack of the models was determined from the 
angle of the model and of the airplane. Any difference 
that might exist between the direction of flow over the 
wing and the direction of flow in the free stream was 
not taken into account. Air temperature used in the 
determination of model Reynolds number was obtained by 
means of a low-lag thermometer (fig. 7) connected to a 
recording galvanometer. All instrumentation was standard 
N AC A e qu i pme n t . 

The tests were made at flight Mach numbers from 0.3 
to 0.7 in 0.05 intervals. The corresponding range of 
local Mach number at the test station was 0.3 to 0.8. 

During each run the flight Mach number, the yaw angle, 
and the normal acceleration were held constant. 


RESULTS AND DISCUSSION 


An indication of the extent to which the principal 
flow conditions about a oropeller shank were reproduced 
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in the present model tests may he obtained from an 
examination of the variation of Mach number with distance 
from the wing surface (fig. 8), the chordwise variation 
of static pressure in the test region (fig. 9) and the 
method used for simulating shank relief. The variation 
of Mach number with distance from the wing surface 
indicates that the Mach number decreased by about 0.03 
in a distance of about l3 inches, whereas on an actual 
propeller shank of equivalent length the Mach number 
(based on the resultant of translational and rotational 
velocities) would increase by about 0.1. The effect of 
not reproducing the actual spanwise gradient is not 
known. The negative chordwise pressure gradients over 
the forward part of the test region followed by the 
positive gradients over the rear part (fig. 9) are similar 
to the gradients abotit a spinner on the nose of a typical 
in-line engine installation. Cn a propeller the thinner 
section adjacent to the shank may influence the flow over 
the shank to some extent. In the present investigation 
this condition was considered to be simulated, at least 
approximately, by the use of models of finite aspect 
ratio • 

The variation with Mach number of the section drag 
coefficient of the cylinder as determined from force- 
test and pressure-distribution measxxrements is presented 
in figure 10. The section pressure-drag coefficient 
varied over the span of the cylinder, and for tests in 
which the data are complete no consistent variation is 
noted. An average minimum section pressure-drag coeffi- 
cient of 0.5 is found between values of M of O.I4.25 and 
O.475. With further increase in Mach number the section 
pressure-drag coefficient increased rapidly to a value of 
about 1.0 at a Mach number of O.65 and then decreased at 
still higher Mach numbers. The drag coefficient determined 
from force tests appeared to be in reasonable agreement 

with the pressure data. 

% 

The drag coefficients of the cylinder determined 
from force tests, wake surveys, and pressure-distribution 
tests are compared on the bases of Mach number and Reynolds 
number in figures 11 and 12, respectively. In general, 
results of the wake surveys are not in agreement with the 
results of the force or pre 3 sure -distribution tests. Walce- 
survey results indicated a lower minimum drag coefficient, 
with drag coefficient increasing rapidly at a Mach number 
of about O.Ij.25 but increasing to a maximum value of about 
1.5 at a value of M of O.65. This maximum value of drag 
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coefficient is about 50 percent higher than the value 
obtained by the force and pressure-distribution measure- 
ments. No exact explanation for this discrepancy has 
been ascertained; however, the oscillatory nature of 
the wake, which is not accounted for in the momentum 
equations used in reduction of wake-survey data, may be 
the cause of this difference. Drag data for the airfoil 
sections were obtained by the wake-survey method and 
may therefore, be subject to this same type of error. 
Conditions in the wake of the airfoil at the survey 
station, however, should approach more closely the con- 
ditions assumed in the wake equations than the conditions 
for the wake of the circular cylinder. If the surveys 
had been made farther downstream of the models, the 
effects of wake oscillations might have been reduced and 
more conservative results obtained. Because of the 
difficulty of supporting a rake in a more rearward, 
oosition, however, surveys could not be made farther 
downstream . 

The variation of section profile-drag coefficient 
with angle of attack for several Mach numbers is presented 
in figures 1J, 1I4., and 15 for the NACA 16-025 > the 
NACA l6-0i4.0 , and the modified NACA 16-OI4.O airfoil models, 
respectively. The variation of section profile-drag 
coefficient with Mach number for zero angle of attack, 
determined from the data in figures 13 to 15> is pre- 
sented as figure l6. The section profile-drag coeffi- 
cient had a minimum value of about 0*02 at Mach numbers 
up to O.65 for the NACA 1 6-025 airfoil model, a minimum 
value of about 0 . Olp up to a Mach number of 0.50 for the 
NACA 16-CI4.O airfoil model, and a minimum value of 0.22 
at a Mach number of O.65 for the modified NACA 1 6 - 0l|_0 
airfoil model. The large values of section profile- 
drag coefficient, at low Mach numbers, for the modified 
NACA 16-0)4.0 airfoil were probably associated with low 
Reynolds numbers. The Mach number at which the section 
profile-drag coefficient began to increase rapidly was 
0.75 for the NACA 16-025 airfoil model and 0 . 60 for the 
NACA 16— OI4.O airfoil models. At Mach numbers greater 
than O.65 the section profile-drag coefficient of the 
modified NACA lo-Clj.0 airfoil model was slightly higher 
than the corresponding drag coefficient for the 
NACA 16-OI4.O airfoil model. 

The variation of the drag of the C3rlinder and the 
airfoil models with Mach number is presented in figure 17 
as a plot of D/o 0 A against Mach number. Over the range 
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of Mach number tested, the drag of the cylinder was 
higher than the drag of any of the airfoil models. The 
drag reduction obtained through use of the airfoils in 
place of a cylindrical shank increased with decrease in 
airfoil thickness ratio. A small reduction in drag at 
low Mach numbers and a large reduction in drag at high 
Mach numbers can be effected through use of the NACA 16 -OI 4 .O 
airfoil with the rear 25 percent chord cut off in place of 
the cylindrical shank. The maximum drag reduction was 
obtained at a Mach number of O .63 for the NACA l6-0[|.0 air- 
foils and at a Mach number of 0.71 for the NACA 16-025 
airfoil . 

On the basis of the results of figure 1? an estimate 
was made of the increase in speed of a present-day fighter 
airplane operating at an altitude of 30*000 feet that may 
be obtained by fairing the exposed round shanks of a fcur- 
blade propeller by use of each of the three airfoil 
sections. The results are presented in figure l 8 as the 
speed increase obtainable by a fairing of 1 inch on each 
round shank, although, of course, in the actual case 
more of the propeller shanks would have to be faired and 
the total increase in speed would therefore be greater 
than is shown in figure 18. These results are intended 
primarily to show the relative effectiveness of the 
various fairings. The maximum increase in speed obtain- 
able by using the NACA 1 6 -Oli-O and the modified NACA I 6 -OI 4 .O 
airfoil sections as fairings was estimated to be I 4. *0 to 
1^..5 miles per hour at a true airspeed of I 4 . 3 O miles per 
hour. The increase in speed obtainable by using the 
NACA 16-025 airfoil section was greater over the speed 
range considered than that obtainable by using the other 
two airfoil sections and had a maximum value of about 
6 miles per hour at a true airspeed of I 4.80 miles per hour. 


CONCLUDING REMARKS 


The results of tests of models simulating propeller 
shanks in the form of a cylinder and three airfoils - 
the NACA 16-025, the NACA l 6 -Olj.O and a modified NACA l6-0l+0 , 
each having a maximum thickness equal to the cylinder 
diameter - indicated that the drag of the airfoils was 
lower than that of the cylinder over the Mach number range 
investigated (0.3 to 0.8), The drag reduction obtainable 
through the use of these airfoil sections in place of a 
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round shank increased with decrease in airfoil thickness 
ratio and reached maximum values at a Mach number of O .63 
for the NACA 16-Olj.O airfoils and O .71 for the NACA 16-025 
airfoil. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., June 7> 19^6 
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( a ) Circular 
cylinder. 


(b) NACA 16-040 
airfoil (modified). 

Figure 1.- Propeller-shanR models. 


(c) NACA 16-025 
ai rf oi 1 . 
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Figure 2 . - 
Span 


Geometric characteristics of propeller -shank models. 
1 

of models, 20^ inches, including rounded tip. 
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Figure 3.- Wake-survey rake and support rod for pr opel 1 er- shank models mounted 

on lower surface of wing of XP-51 airplane. 
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Fig. 4a, b 



(a) Front view. 



( b ) Side view. 


figure 4.- Circular cylinder mounted below lower surface 

of wing of XP-51 airplane. 





Figure 5.- Location of models and wake-survey rake below lower 
surface of wing of XP-51 airplane. 


Fig. 6 
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Figure 6.- Circular cylinder showing orifice stations. 
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Fig. 7 



Figure 7 . - 
mounted 


Static-pressure tube and thermometer 
below right wing of XP-51 airplane. 
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IncrementoP Local Mach number above -Pree-stream value 



Distance below wing surface, in. national advisory 
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Figure 8.- Variation of increment of local Mach number above flight 
M&cli number with distance below right wing surface as determined 
from - tat ic -pressure surveys. 
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Figure 9 .- Typical chordwise pressure distributions at wing surface in 
test region at various flight Mach numbers. Pressure coefficients 
for station 5 (Cl = 0 * 15 ) also shown. 
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Figure 10.- Variation with Mach number of section drag coefficient 

for the circular cylinder. 
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Section pressure-drag coefficients 
Section profiLe-drag coefficient , c^ o 



Figure 11.- Variation with Mach number of section drag coefficient 

of the circular cylinder. 
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Fig. 12 



Figure 12.- Variation with Reynolds number of section 
drag coefficient of the circular cylinder. 


H* 

oq 


M 



AngLe of attack , deg 


Figure 13 Variation of section profile-drag coefficient (based on thickness) 

with angle of attack at various Mach numbers for the NACA 16-025 airfoil model • 
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Figure lU»" Variation of section profile-drag coefficient (based on thickness) 

with angle of attack at various Mach numbers for the NACA l6-0ii0 airfoil model. 
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Section pro-f ile*drag coefficient 



Figure 15.- Variation of section profile-drag coefficient (based on thickness) 
with angle of attack at various Mach numbers for the modified NACA l6-0i(.0 
airfoil model. 
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Section pro -File -drag coe-Fficient. 
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Fig. 16 



. igure lo.- Variation of section profile-drag coefficient 
(based on thickness) with Mach number for the three 
airfoil models at zero angle of attack. 


Fig. 17 
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Figure 17 . - Variation with Mach number of drag of the 
circular cylinder and the three airfoil models at 
zero angle of attack. 
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Figure 18.- Estimated increase in speed obtainable for a typical fighter 
airplane with a four-blade propeller by fairing 1 inch of each round 
shank to an airfoil section. Airplane operating at 30,000 feet. 
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